Background: It is increasingly evident that high blood pressure can promote reduction in global and regional brain volumes. While these effects may preferentially affect the hippocampus, reports are inconsistent. Methods: Using data from the Alzheimer's Disease Neuroimaging Initiative (ADNI), we examined the relationships of hippocampal volume to pulse pressure (PPR) and systolic (SBP) and diastolic (DBP) blood pressure according to apolipoprotein (APOE) ɛ4 positivity and cognitive status. The ADNI data included 1,308 participants: Alzheimer disease (AD = 237), late mild cognitive impairment (LMCI = 454), early mild cognitive impairment (EMCI = 254), and cognitively normal (CN = 365), with up to 24 months of follow-up. Results: Higher quartiles of PPR were significantly associated with lower hippocampal volumes (Q1 vs. Q4, p = 0.034) in the CN and AD groups, but with increasing hippocampal volume (Q1, p = 0.008; Q2, p = 0.020; Q3, p = 0.017; Q4 = reference) in the MCI groups. In adjusted stratified analyses among non-APOE ɛ4 carriers, the effects in the CN (Q1 vs. Q4, p = 0.006) and EMCI groups (Q1, p = 0.002; Q2, p = 0.013; Q3, p = 0.002; Q4 = reference) remained statistically significant. Also, higher DBP was significantly associated with higher hippocampal volume (p = 0.002) while higher SBP was significantly associated with decreasing hippocampal volume in the EMCI group (p = 0.015). Conclusion: Changes in PPR, SBP, and DBP differentially influenced hippocampal volumes depending on the cognitive and APOE genotypic categories.
Introduction
High blood pressure in midlife has been linked to memory loss and reduced cognitive skills in late life [1, 2] . Given that the brain requires a certain perfusion threshold for optimal function, hypertension-related vascular damage including widespread arteriolosclerosis can restrict blood flow to the brain, thereby causing neurodegeneration and consequent memory loss [3] [4] [5] . Together, this evidence suggests that hypertension is an important risk factor for cognitive decline and dementia [6] [7] [8] [9] .
Located in the brain's medial temporal lobe, the hippocampus is one of the most age-sensitive brain regions involved in cognition. While neurodegeneration and shrinkage of the hippocampus are common in cognitively impaired older adults, promoters of this shrinkage are poorly understood [10] . Because the hippocampus is responsible for long-term memory formation, damage or atrophy can result in anterograde and retrograde memory impairments [11] .
Published reports have shown that elevated blood pressure can promote reduction in global and/or regional brain volumes [12] [13] [14] [15] , while low blood pressure may promote losses in the gray matter. Particularly, high blood pressure levels in midlife tend to correlate with regional brain atrophy, including the hippocampus, in late life [2, 16] . However, these results are inconsistent and structured studies on the relationship of blood pressure metrics to regional changes in brain volume and the hippocampus are limited. Interestingly, age-related arterial stiffening measured by brachial artery pulse pressure (PPR) has been linked to cerebral atrophy and cognitive deterioration [17] . While both systolic (SBP) and diastolic (DBP) blood pressure increase with age up to around the 6th decade in life [18] , subsequent decreases in DBP alone result in widening of PPR [8] . Because increasing PPR can further endorse widespread atherosclerosis and increased arterial stiffness implicated in neurodegeneration, it may also influence brain volume in regions of interest. Therefore, because PPR is a composite measure of both DBP and SBP, it may inform the inconsistencies observed in the relationship of blood pressure to hippocampal volume.
The ɛ4 allele of the apolipoprotein (APOE) gene is an acknowledged genetic risk factor for Alzheimer disease (AD) [19] [20] [21] [22] [23] . Though the APOE gene regulates the levels of the multifunctional lipid transporter APOE, its relationships to levels of PPR, DBP, and SBP, and their combined effects on the hippocampus are unknown. Therefore, to test our primary hypothesis that PPR, DBP, and SBP influence changes in hippocampal volume, and to determine whether the effects are modified by APOE ɛ4 and cognitive status, especially in the mild cognitive impairment (MCI) prodromal stage of AD phenotype, we analyzed data from the Alzheimer's Disease Neuroimaging Initiative (ADNI).
Methods
The ADNI was designed to improve methods for clinical trials by providing a large, publicly available database to inform cognitive deterioration leading to AD at an early stage, and mark its progress through biomarkers [24] . This landmark study, which began in October 2004, has made major contributions to AD research. In part, the goal of ADNI was to test whether neuroimaging, other biological markers, clinical measures, and neuropsychological assessments can be combined to inform cognitive deterioration from cognitively normal (CN) to MCI and AD. Participants in the ADNI study underwent baseline and periodic physical and neurological examinations and standardized neuropsychological assessments, and provided biological samples (blood, urine, and, in a subset, cerebrospinal fluid). The physical examinations included measurements of height, weight, SBP, and DBP. Seated brachial artery SBP and DBP were obtained using the standard of care approach, and PPR was calculated as SBP minus DBP [25] .
The ADNI study also provided a rich set of magnetic resonance imaging (MRI), and several clinical and neuropsychological measures acquired from CN, MCI, and AD participants [26, 27] . The study followed participants over the course of 3 years with up to an additional 6 years of data acquired in the ADNI-GO and ADNI-2 projects [28] . Data obtained from the ADNI database (http://adni.loni.usc.edu) were downloaded around December 10, 2012, and 1,308 participants were isolated for these analyses: AD (n = 237), late MCI (LMCI; n = 454), early MCI (EMCI; n = 254), and CN (n = 365). We excluded MRI data for the 18-month visit from our analyses because of missing blood pressure values. Although blood pressure was assessed every 6 months for 24 months, and then yearly thereafter for 72 months, our analyses were limited to 24 months due to low numbers of AD participants with blood pressure data at the later follow-up times.
MCI participants had Mini-Mental State Examination (MMSE) [29] scores between 24 and 30 (inclusive), objective memory loss measured according to education-adjusted scores on the Wechsler Memory Scale Logical Memory II [30] , Clinical Dementia Rating of 0.5 [31] , absence of significant levels of impairment in other cognitive domains, essentially preserved activities of daily living, and absence of dementia. Mild AD participants had MMSE scores between 20 and 26 (inclusive), Clinical Dementia Rating of 0.5 or 1.0, and met the National Institute of Neurological and Communicative Diseases and Stroke/Alzheimer's Disease and Related Disorders Association criteria for probable AD.
Details of the ADNI study, including the acquisition of MRI, have been previously published [24, 26, 27 ]. For the current study, we selected participants who had brain MRI scans at baseline and at 12 and 24 months, as well as 2-year follow-up clinical evaluations. Because most of the participants in the ADNI study had MRI scans, the baseline visit for each participant was defined as the time of the first MRI scan. Prior to enrollment of participants, written informed consent forms approved by the participating Institutional Review Boards were used to inform and to obtain consent from prospective participants.
Statistical Analysis
We described baseline clinical and demographic characteristics of the participants by cognitive groups and quartiles of PPR (lowest = Q1 and highest = Q4), using means or proportions (Tables 1, 2 ). Initial analyses included a test of significance using analysis of variance (ANOVA) for continuous variables and a χ 2 test for categorical variables. To test our primary hypothesis that PPR influence changes in hippocampal volume and to determine whether the effects are modified by APOE ɛ4 within baseline-defined phenotypic cognitive categories, we conducted a linear mixed effect model, using all available data. We then determined the least square means, estimates, and standard errors of the estimates for the association of hippocampal volume with PPR. To discount the effects of SBP, DBP, baseline hippocampal volume, education, gender, age, body mass index, and blood pressure, our final models included adjustments for these independent variables. To test the independent effects of SBP and DBP on hippocampal volume, we constructed additional independent linear mixed effects models using continuous blood pressure measures (SBP and DBP) stratified by cognitive status and APOE ɛ4 carrier status. All p values were two-tailed, with p ≤ 0.05 considered as statistically significant, and confidence intervals were computed at a 95% confidence level. All analyses were performed using SAS version 9.3 (SAS Institute, Cary, NC, USA) [32] and Statistical Analysis and Graphics (NCSS 9.0.7, Kaysville, UT, USA) [33] .
Results

Study Cohort
Using means for continuous measures and proportions for categories, the demographic characteristics of the participants by AD status at baseline and at 6, 12, and 24 months are presented in Table 1 . Overall, AD and CN participants were similar in mean age, but significantly older than those in the EMCI group (p < 0.001). The sample consisted of more men 
<0.001
Values are mean (± SD) when appropriate. AD, Alzheimer disease; LMCI, late mild cognitive impairment; EMCI, early mild cognitive impairment; CN, cognitively normal (control group); MMSE, Mini-Mental State Examination; ADAS 13, Alzheimer's Disease Assessment Scale-cognitive subscale; SBP, systolic blood pressure; DBP, diastolic blood pressure. Table 3 shows the least square means, estimates, standard errors, and p values for the association between hippocampal volume and PPR (Q1 [lowest], Q2, Q3, Q4 [highest]) by cognitive status and APOE ɛ4 carrier status. In the combined sample, escalating quartiles of PPR were associated with decreasing hippocampal volume in the CN and AD groups, with Q1 being significantly higher than Q4 (reference) (both p = 0.034) (Table 3 ). However, in the EMCI group, increasing quartiles of PPR promoted statistically significant increases in hippocampal volume (Q1, p = 0.008; Q2, p = 0.020; Q3, p = 0.017; Q4 = reference). We did not observe a significant association of PPR with hippocampal volume in the LMCI group (all p < 0.05).
Hippocampal Volume and Quartiles of PPR
In stratified analyses restricted to APOE ɛ4-negative participants, and adjusted for covariates, increasing PPR maintained a statistically significant association with decreasing hippocampal volume in the CN group (Q1 vs. Q4: estimate = 134.49 ± 48.73, p = 0.006) but not in the AD group (p = 0.246). Consistent with our findings in the overall EMCI group, stratified analyses restricted to APOE ɛ4-negative MCI participants showed that increasing quartiles of PPR was significantly associated with increasing hippocampal volume. These associations remained statistically significant after discounting the effects of SBP, DBP, baseline hippocampal volume, education, gender, age, BMI, and hypertension (least square means: Q1 = 7,271.78 ± 31.36, p = 0.002; Q2 = 7,350.28 ± 28.35, p = 013; Q3 = 7,347.58 ± 25.05, p = 0.002; Q4 = 7,487.27 ± 40.55, reference). Figure 1 shows estimates and 95% confidence intervals for the differential effects of blood pressure on hippocampal volume by cognitive and APOE ɛ4 carrier status after adjusting for baseline hippocampal volume, education, gender, age, body mass index, and hypertension. Our results showed a U-shaped relationship between SBP and hippocampal volume. Strikingly, increasing SBP was associated with decreasing hippocampal volume in EMCI non-APOE ɛ4 carriers (estimate = 3.995, SE = 1.614, p = 0.015) but potentiated increased hippocampal volume (estimate = 2.901, SE = 1.265, p = 0.022) among CN non-APOE ɛ4 carriers. In similarly A linear mixed effects model was used to obtain p values. Adjusted for systolic blood pressure, diastolic blood pressure, baseline hippocampal volume, education, gender, age, hypertension, and body mass index. CN, cognitively normal (control group); EMCI, early mild cognitive impairment; LMCI, late mild cognitive impairment; AD, Alzheimer disease; LS mean, least square mean. adjusted models (Fig. 2) , DBP showed an inverse U-shaped relationship with hippocampal volume. Similar to PPR effects, increasing DBP promoted increasing hippocampal volume among EMCI non-APOE ɛ4 carriers (estimate = 6.916, SE = 2.141, p = 0.002) and decreasing hippocampal volume in the CN group (estimate = -2.710, SE = 1.421, p = 0.057).
Hippocampal Volume and Blood Pressure
Discussion
The most significant findings from these analyses are that the relationship of blood pressure to hippocampal volume is not static, but rather dynamic across the cognitive spectrum, and is influenced by APOE ɛ4 genotype status. Remarkedly, the MCI prodromal stage, an important transition point in cognitive trajectory, appeared vulnerable to changes in PPR, SBP, and DBP. Importantly, the PPR effects may more accurately reflect the dynamic relationships of blood pressure to hippocampal volume, especially given the opposing directionality of SBP and DBP effects on hippocampal volume. Fig. 1 . Linear mixed effects estimates and 95% CI for the association of hippocampal volume and systolic blood pressure by Alzheimer disease and APOE ɛ4 carrier status. EMCI, early mild cognitive impairment; LMCI, late mild cognitive impairment; AD, Alzheimer disease. Hypertension in midlife has been shown to increase dementia risk in late life [1, 2] . These effects can preferentially affect the temporal and frontal lobe brain volumes, and particularly the hippocampus [34] . A recent meta-analysis of data from four studies found that hypertension is associated with lower hippocampal volume [15] . However, these studies did not examine the blood pressure metrics most closely associated with brain volume reductions within cognitive categories or elucidate the differential effects of the APOE gene. Because DBP and SBP effects on cognitive phenotype and endophenotypes are inconsistent across multiple studies, other more relevant measures of their relationships to neurodegeneration warrants investigation.
Consistent with our a priori hypothesis for this study, increasing PPR promoted reduced hippocampal volume in CN non-APOE ɛ4 carriers. An additional important observation from our analyses is that increasing PPR conversely promoted increases in hippocampal volume in EMCI non-APOE ɛ4 carriers. One possible explanation for the latter effect is that increasing PPR at the EMCI prodromal stage may be an adaptive mechanism to increase brain perfusion and combat declining vascular compliance. Unfortunately, while this increase in PPR may transiently benefit hippocampal volume and the brain at the EMCI transitional stage, sustained increase is likely to further increase vascular resistance and compromise brain perfusion. Therefore, the decreasing hippocampal volume observed with increasing PPR in the CN and AD groups appears logical. Together, our results are significant in that they inform an important gap in the literature, using the robust ADNI data. Indeed, since widening PPR pressure represents either increased SBP and or decreased DBP, it may provide an insight into the inconsistency of the relationship of blood pressure to neurodegeneration.
Emerging evidence now suggests that the relationship of PPR to cognitive decline may be modified by APOE genotypes [35] . However, the explanations for these effects are unclear. Also, whether high blood pressure-related vascular disease is a cause of AD, merely coexists with AD, or worsens dementia needs clarity. Like SPB, PPR increases with age while changes in DBP increase less, or in fact decrease, resulting in isolated systolic hypertension in the aged. It is controversial whether blood pressure metrics are associated with hippocampal atrophy [36] . Because both high and low blood pressure may negatively affect cognition [37] and hippocampal volume, it is critical to identify a composite measure of both DBP and SBP. Given the paucity of data on the relationship of PPR to hippocampal volume, our observation that the combined effects of PPR and APOE genotype status may better inform the relationship of vascular changes to neurodegeneration is an important addition to the literature.
Though the exact mechanism linking PPR to reduced hippocampal volume in the CN and AD groups needs more nuanced understanding, preferential global and regional effects of blood pressure on the brain, including the hippocampus, have been described [15] . These effects may be mediated, in part, by hypertension-related arteriolosclerosis, lower blood flow, and consequent hypoperfusion in the frontal and hippocampal brain regions [15] . Importantly, loss of vascular elasticity and increased vascular resistance, caused in part by increased vascular amyloid deposit and potentially microbleed [38] [39] [40] [41] , may mediate such effects. This view is supported by evidence showing that increased arterial stiffening predicts longitudinal change in cerebral amyloid retention [42, 43] . In fact, increasing evidence now suggests that arterial pulsatility contributes to the glymphatic system and waste clearance (including amyloid-β) from the central nervous system [44] [45] [46] [47] [48] . Therefore, disturbance of this system may also promote neurodegeneration [49, 50] . Independently, the presence of increased brain amyloid plaques in the hippocampus of decedents with premortem elevated SBP has also been observed [51] . Because both the prefrontal cortex and hippocampus receive afferent and send efferent projections to other brain regions, its sensitivity to blood pressure dynamics [52] may have downstream effects on other brain regions as well.
Both SBP and DBP likely contribute to CVD effects on neurodegeneration, but our results indicate that their effects may be conversely related across categories of cognition. In non-ε4 carrier MCI participants, increasing SBP and DBP are associated with decreasing and increasing hippocampal volumes, respectively. Consistent with our findings, den Heijer et al. [16] showed that global brain atrophy was associated with prior history of high and low DBP. In particular, high DBP obtained 5 years before brain MRI predicted more hippocampal atrophy, while low DBP in treated hypertensives was associated with more severe atrophy [16] . Also, men with untreated hypertension in midlife have been reported to have greater hippocampal atrophy than controls [1, 2] , while higher CVD risks are associated with cortical thinning in hippocampal subregions CA2/3/dentate gyrus [36] . Given that AD pathology begins ∼15 years before the clinical phenotype, the observed effects of SBP in the CN group may also be an adaptive mechanism prior to a yet undetermined blood pressure threshold. As in previous reports of a nonlinear (U-shaped) relationship of blood pressure to cognitive performance in older adults [53] , a U-shaped relationship of SBP and DBP to hippocampal volume was also evident in our analyses. These findings are congruent with reports of inverse relationships of blood pressure to concentrations of hippocampal glutamate (a crucial prerequisite of memory formation) [54] and to AD diagnosis years after blood pressure became elevated [55] . However, our study is unique in that it has the advantage of a large sample size, longitudinal follow-up, and stratification into cognitive and APOE genotype categories.
In conclusion, our observations from these analyses suggest that PPR may differentially associate with hippocampal volume, depending on cognitive phenotypic category and APOE ɛ4 status. While CN brains may endure a temporally adaptive increase in SBP to increase perfusion, sustained increase may eventually catalyze transition from CN to EMCI, and potentially to AD. Confirmation of these observations in future studies may enhance strategies to attenuate transition from MCI to AD [56, 57] .
Strengths and Limitations
The prospective, longitudinal study design, large sample size, and MRI data are strengths of this study. Additional important strengths include the use of a multilevel approach conceptualized as regression models occurring at different levels [58] while accounting for dependencies in nested data. This approach enhanced the understanding of change over time and factors associated with change while accommodating both fixed and random effects.
Potential bias resulting from missing data, case selection factors, measurement errors, and inadequacy of model fit, as well as chance associations, must be considered. Because blood pressure was not an a priori outcome in the ADNI study, its assessment did not employ a unified procedure, but rather followed current clinical standards. While we considered previous history of hypertension in our analyses, we did not directly discount treatment effects. The lack of association in APOE ɛ4 carriers may relate to the significant effects of ɛ4 and the small sample size, and therefore requires further study.
